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Abstract: The tropospheric NO2 concentration from OMI AURA always shows high concentrations
of NO2 at a few locations in India, one of the high concentrations of NO2 hotspots is
associated with the locations of seven coal-fired Thermal Power plants (TPPs) in Singrauli.
Emissions from TPPs are among the major sources of black carbon (BC) soot in the atmosphere.
Knowledge of BC emissions from TPPs is important in characterizing regional carbonaceous
particulate emissions, understanding the fog/haze/smog formation, evaluating regional climate
forcing, modeling aerosol optical parameters and concentrations of black carbon, and evaluating
human health. Furthermore, elevated BC concentrations, over the Indo-Gangetic Plain (IGP)
and the Himalayan foothills, hav emerged as an important subject to estimate the effects of deposition
and atmospheric warming of BC on the accelerated melting of snow and glaciers in the Himalaya.
For the first time, this study reports BC concentrations and aerosol optical parameters near dense
coal-fired power plants and open cast coal mining adjacent to the east IGP. In-situ measurements
were carried out in Singrauli (located in south-east IGP) at a fixed site about 10 km from power plants
and in transit measurements in close proximity to the plants, for few days in the month of January
and March 2013. At the fixed site, BC concentration up to the 95 µgm−3 is observed with strong
diurnal variations. BC concentration shows two maxima peaks during early morning and evening
hours. High BC concentrations are observed in close proximity to the coal-fired TPPs (>200 µgm−3),
compared to the outside domain of our study region. Co-located ground-based sunphotometer
measurements of aerosol optical depth (AOD) show strong spatial variability at the fixed site,
with AOD in the range 0.38–0.58, and the highest AOD in the range 0.7–0.95 near the TPPs
in transit measurements (similar to the peak of BC concentrations). Additionally, the Angstrom
exponent was found to be in the range 0.4–1.0 (maximum in the morning time) and highest
in the proximity of TPPs (~1.0), suggesting abundance of fine particulates, whereas there was low
Angstrom exponent over the surrounding coal mining areas. Low Angstrom exponent is characterized
by dust from the unpaved roads and nearby coal mining areas. MODIS derived daily AOD shows
a good match with the MICROTOPS AOD. The CALIPSO derived subtypes of the aerosol plot
shows that the aerosols over Singrauli region are mainly dust, polluted dust, and elevated smoke.
The preliminary study for few days provides information about the BC concentrations and aerosol
optical properties from Singrauli (one of the NO2 hotspot locations in India). This preliminary study
suggests that long-term continuous monitoring of BC is needed to understand the BC concentrations
and aerosol optical properties for better quantification and the estimation of the emission to evaluate
radiative forcing in the region.
Int. J. Environ. Res. Public Health 2018, 15, 2472; doi:10.3390/ijerph15112472 www.mdpi.com/journal/ijerph
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1. Introduction
Incomplete combustion of fossil fuels, (e.g., diesel and coal), various types of biomass/biofuels
in small-scale residential cooking and heating activities, and large forest fires/crops residue burning
release huge amounts of black carbon (BC) aerosols [1–4]. Black carbon emissions are considered
as particles, not a greenhouse gas, and they are the second or third largest climate warmer after
carbon dioxide [5,6]. Its presence in the atmosphere causes poor visibility, a source of dense haze,
fog and smog, that influence climate, affect human health and vegetation.
In recent years, the BC emission has attracted the interests of scientists due to its different
anthropogenic sources and adverse effect on climate and environment [7]. Being in absorbing part
of carbonaceous aerosols BC has different optical and radiative properties as compared to the other
aerosols [8]. The atmospheric BC is directly responsible for the heating of the atmosphere by absorbing
the short-wave solar radiation [9]. The uncertainties in the climate forcing from black carbon aerosol
are largely due to inadequate study and measurements of cloud interaction with the co-emitted organic
carbon [6]. The main removal mechanism of BC from the atmosphere is the wet deposition [10].
The chemically inert and fine size range particles are easily deposited by the rain. The average
atmospheric lifetime of BC is about one week in the lower troposphere, depending on the ambient
weather conditions, like wind speed, planetary boundary layer (PBL) height, humidity, etc., and also
it depends on long-range transport [6,10]. The planetary boundary layer is the part of the atmosphere
that is influenced directly by the earth’s surface and it responds to surface forcing with a timescale of
about an hour or less [11]. Since most of the air pollutants are emitted, transported vertically, as well
as horizontally into PBL, so it has a significant role in local air quality. Kalluri et al. [12] have shown
that diurnal variations in BC concentration is strongly associated with daily changes in the local
boundary layer in Anantapur.
The ground measurements of the atmospheric pollutant like BC at the regional levels
(e.g., high polluted region Singrauli) are very much important. High concentrations of BC mass aerosols
affect the rainfall pattern in the Asian monsoon system [13]. Recently, Li et al. [14] have carried out
a comprehensive review on the aerosol and monsoon climate interaction over the Asian region and have
explained that how the aerosols interact and can modify the amplitude, frequency, and intensity of
the monsoon, with the help of observational and modeling data. Real-time monitoring of BC is useful
in estimating the impact of BC on climate, environment, and human health. BC shows a certain pattern
of diurnal as well as seasonal variations in different parts of India [15,16]. The coal power plant
emissions are one of the main sources of dense haze, fog, and smog conditions in China and India.
The black carbon concentration absorbs Sun radiations and impacts global climate as well as regional
climate and monsoon [6,17]. Coal-fired power plants are densely located in the Indo-Gangetic
Plain (IGP) and are considered as one of the sources of atmospheric pollution in the IGP [18–23].
The coal-fired thermal power plants are one of the major energy sources in India, the density of these
power plants are very high in the northern and south-east parts of India, especially in the IGP. The BC
emissions from TPPs are due to incomplete combustion processes. The fly ash from the power plants
dispersed up to a radius of 10 km and affecting the air quality and human health.
The present paper reports the first preliminary ground-based in-situ measurement results of BC
and aerosol optical properties from one of the highest pullulated regions with number of coal fired
power plants. Due to many logistic issues, our measurements are limited to a few days. Our preliminary
results show very high BC concentrations near the Thermal Power Plants (>200 µgm−3) and also
corresponding a very high (~1.0) aerosol optical depth (AOD) measured using portable Aethalometer
and handheld MICROTOPS sunphotometer. This study has much importance to the Indian scientific
community, so that the Government and funding agencies consider the region and learn how people
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are living in such a polluted region. Due to severe pollution, only few measurements are carried
out in the region with coal-fired power plants and coal mining. We also compared our results from
the satellite-based (MODIS, CALIPSO) observations.
2. Material and Methods
2.1. Site Description and Surface Meteorological Conditions
OMI AURA satellite observation of NO2 concentrations [19,24] over India shows high
concentrations at few locations, one of the locations correspond to the location of the seven coal-fired
power plants (Singrauli). The NO2 and AOD show higher correlation based on satellite data [19–21,25].
The higher tropospheric NO2 concentrations over the Singrauli area, seen from the OMI AURA satellite
(Figure 1) is considered for the in-situ BC and aerosol measurement. Singrauli (24.20◦ N, 82.66◦ E; 376 m
above mean sea level), area lies in the eastern part of the state of Madhya Pradesh and the adjoining
southern part of Sonebhadra district in the state of Uttar Pradesh is collectively known as Singrauli.
The Singrauli area has emerged as India’s energy capital with seven coal-based power plants.
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Figure 1. OMI derived average NO2 o centration over Indian region (68–98◦ E, 8–36◦ N)
for 1 January–31 March 2013; black rectangle rea repr sen s the Singrauli and surrounding region.
Figure 2a shows the photo of the coal-fired power plants within a radius of about 20 km. The coals
used by these power plants are from the coal reserves located in the proximity of power plants.
Singrauli area generates around 35,000 MW of electrical power.
ajor co panies operating at Singrauli are: NTPC (National Thermal Power Corporation)
(3 Power Plant with combined generation capacity of 9760 ), Coal India Li ited (through its
subsidiary Northern Coalfields Li ited annual production 80 illion T), Reliance Power Limited
(3960 M ), Essar Power Limited (1200 ), DB Power Li ited (1320 ), Renusagar Power Plant
(700 ), Anpara Power Plants (Co bined capacity of 3830 ), Obra Ther al Po er (1300 ),
Rihand Hydro Power (300 MW), and Hindalco Industries Limited (20k MT of Aluminum and 40k MT
of Alumina per annum). Apart from these industries, there are many more small industries operational
Int. J. Environ. Res. Public Health 2018, 15, 2472 4 of 17
in the Singrauli area (http://www.singrauli.nic.in/). The main power plants, coal fields, and the GP
Pant water reserve along the campaign site and routes are shown in Figure 2b.
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the main author—RPS); (b) The satellite picture showing the Singrauli region (black rectangle area in 
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The surface meteorology plays an important role in the dispersion of aerosols into the atmosphere
at any location. The ambient atmospheric condition over the Singrauli was studied during the study
period using surface meteorological parameters, such as air temperature (temp.), relative humidity
(RH), wind speed (WS), and wind direction (WD). These meteorological parameters were obtained
from the ERA-Interim global analysis (from European Centre for Medium-Range Weather Forecasts or
ECMWF) data (http://apps.ecmwf.int/datasets) with 0.25◦ spatial resolution [26]. The met data
Int. J. Environ. Res. Public Health 2018, 15, 2472 5 of 17
is used for understanding the distribution of near-surface temperature, RH, and WS and WD.
Day-to-day variability in the above meteorological parameters are shown in the Figure 3a–d for January
to March 2013. Values of different met parameters during measurements days are shown in Table 1.
During the measurement days (Figure 3a; shown between blue dash vertical lines),
the temperature was found to vary in the range 19 and 31 ◦C. The lowest temperature over the Singrauli
was observed on 12 January (19.70 ◦C) and highest on 25 March (31.44 ◦C). The relative humidity
(Figure 3b) was generally found to be negatively correlated with the temperature in the month of March
and was positively correlated in January and varies in the range 36 and 65% on measurement days.
It was found to be highest on 14 January (65.92%) and lowest on the 27 March (36.42%). Surface winds
(Figure 3c,d) show a mixed variation with the north-west direction in March and west to south-west
in January. WS was found to be highest on 25 March (2.62 m/s) and lowest WS was observed on
14 January (0.95 m/s), with mostly from North-West and West direction, respectively.
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Table 1. Values of the surface meteorological parameters temp., RH, WS, and WD at Singrauli during
measurement days of January and March 2013.
Day/Met. Parameters Temp (◦C) RH (%) WS (ms−1) WD (deg.)
12 January 19.70 57.14 1.42 187.33
13 January 22.95 63.67 1.20 223.59
14 January 23.09 65.92 0.95 177.80
25 March 31.44 46.67 2.62 154.37
26 March 29.40 40.00 2.99 1.18
27 March 30.38 36.42 1.54 137.93
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The measurements were carried out in two modes (a) at a fixed location (near to Waidhan
latitude 24.07◦ N, longitude 82.62◦ E) continuous measurement at a height of 2.43 m (eight feet).
This location is about 10 km away south-west to TPPs and 7 km south to the coal mines. The measuring
site is far from the road and also from the houses, mostly agricultural field (b) In transit measurement
of BC and AOD along the road around power plants and coal mines (Figure 2b). We have started to
drive from our fixed location (green spot shown in Figure 2b) after 11:45 h and followed the route
shown in Figure 2b up to Anpara (red spot, south to north) till 15:30 h on 14 January 2013.
2.2. Instruments and Data
2.2.1. Ground-Based
Aethalometer
We have used a portable aethalometer (Magee Scientific, Model AE51, wavelength 880 nm)
for the black carbon measurements at fixed campaign site and along transit routes. This instrument
records data automatically near real time, filter based measurement of BC mass concentration [27,28].
The aethalometer was set up in two positions (1) Fixed position at a height of about 2.43 m
above the ground; (2) In a moving car with its outlet in the air at 1.52 m (~5) above the ground.
The BC data were recorded with a sampling rate at 1 min (moving) and 5 min (fixed). The details
about the instrument and the working methodology are well explained by Ferrero et al. [27]
and Chakarabarty et al. [28]. The filter was changed after eight hours and also along different
routes while making a set of measurements, a new filter was used. The flow of the aethalometer
was kept 50 mL/min due to higher BC concentrations. The same model of aethalometer was used
extensively by Praveen et al. [29] in India and the results were compared with the different models
of aethalometer. We were limited with single wavelength aethalometer, however, initially, we did
compare the results of the similar type of aethalometer and results were found to be same under similar
conditions. The aethalometer was calibrated and tested before we made extensive measurements along
the TPPs in Singrauli, India. Even though there may be some uncertainties in the BC measurements
depending on the optical properties of BC and relative humidity condition, the BC measurement
technique were well summarized by Kanaya et al. [30].
The measurements were carried out during 12–14 January 2013 and 25–27 March 2013 at a fixed
location near Waidhan about 10 km away from the power plant and at different locations around
power plants using aethalometer mounted on a car. Winter is the fog period in north India. We have
selected the winter and pre-monsoon season, because we want to measure the locally generated BC,
since during this period due to shallow boundary layer and low convection the dispersion of BC to
long distances is restricted and we can have the actual measurements of locally generated BC.
MICROTOPS (MT) Sunphotometer
MT Sunphotometers have been extensively used for aerosol studies over IGP location and have
been well calibrated for accuracy in their retrievals. The field of view of the MT is 2.5◦, while the full
width at half maximum bandwidth at each of the AOD channels is 2.4 ± 0.4 nm. Typical errors
in AOD measurements from MT are in the range of 0.02–0.03 [31], and the aerosol retrievals were
performed from the instantaneous solar flux measurements using the instrument’s internal calibration.
Sunphotometer measurements were taken at two sites; from Fixed (away) and in-transit near the power
plants at different locations. At each location, three sets of spectral scans were taken at each time
under cloudless skies. The mobile measurements (after 11:30 to 15:30 h) at an important location
(TPPs and coal mines) are shown with corresponding AOD values in Figure 2b. More details about
MT and data retrieval can be found in Kaskaoutis et al. [31].
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2.2.2. Satellite-Based
MODIS
Gridded Atmospheric Product, collection 6.1 (061) MODIS Level 3, (1◦ × 1◦) Terra MODIS
AOD 550 nm values were used over the Singrauli region following the Combined dark target and deep
blue AOD algorithm [32]. More details about retrieval and data product are available in Levy et al. [32].
Prasad and Singh [25] have shown a satisfactory agreement between MODIS and Kanpur AERONET
AODs, since about 72% of the retrievals fall within the expected uncertainty of ±0.05 ± 0.15 × AOD
over land [32]. MODIS AOD 550 nm data were obtained via the Giovanni Online Visualization
and Analysis system (http://disc.sci.gsfc.nasa.gov/giovanni).
OMI
In addition to MODIS, Aura OMI daily NO2 total column and tropospheric column were used
for identifying the hotspot of emission over India. Spatial resolution for OMI is 0.25◦ × 0.25◦ grid.
The OMI algorithms for data retrieval are described by Irie et al. [33]. The comparison of OMI product
with surface NO2 show satisfactory agreement, suggesting a bias of ±20% [33].
CALIPSO
The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
flies at an altitude of 705 km with a 98◦ inclination orbit providing new insight in atmospheric
monitoring by observing the vertical profiles of aerosols and cloud [34]. The CALIOP Level 1
(version 4.10) aerosol subtypes for the identification of pollutant type and vertical distribution
(http://www-calipso.larc.nasa.gov/products/) was used in the present study for a typical day over
Singrauli region during the campaign in March 2013. The CALIPSO calibration and uncertainty, as well
as the CALIPSO data products, are discussed in detail by Roger et al. [35].
3. Results and Discussion
3.1. Temporal Variation of BC880 nm and AOD
3.1.1. Diurnal Variation of BC
The 24-h continuous measurement of BC concentration at the fixed site is shown in Figure 4
for the two different campaigns during winter (13 January) and pre-monsoon season (27 March).
BC was measured for every five-minute interval and averaged for fifteen minutes. In January
BC concentrations at the campaign site shows two peaks in the morning and evening hours,
up to 40 µgm−3 in the morning hours (6:00–10:00 h) and up to 90 µgm−3 in the evening hours
(17:00–22:00 h). A gradual decrease with minimum BC mass concentration up to the 2.56 µgm−3 during
the afternoon hours, followed by an increasing trend after the local sunset was seen. Similar variation
was recorded for the March also but the morning and evening peak was less prominent, due to
the change in boundary layer height and less calm environment (as shown in Figure 3 and Table 1),
which allows for diffusing the pollutants for long distances and heights. The diurnal mean BC mass
concentration found around 23.36 µgm−3 in the month of January and 7.3 µgm−3 in the month of
March 2013. The average mass concentration is higher when compared to the previous studies for
the almost similar environment (in the vicinity of the coal mine and TPPs) in Dhanbad (~10 µgm−3)
by Singh et al. [4,36].
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3.1.2. Night Time Variation of BC
The night time variation of BC is shown in Figure 5 for the month of January and March
campaign. The evening peak pattern was more pronounced during the winter season as compared
to the pre-monsoon season due to the weaker dispersion that is associated with slower wind speed
(WS) and cooler temperature (Table 1) and enhanced biomass burning [37]. Night time concentrations
of the BC particles were higher when compared to those during day time concentrations in both
the cases. Large diurnal variability in BC has been linked with enhanced emissions and meteorological
conditions, especially lower boundary layer heights, WS, and Temperature. In earlier studies [38,39]
the winter-time peak (90 µgm−3) was much higher (~2 times) as compared to the pre-monsoon season
peaks (35 µgm−3). The late-night BC concentration shows low values due to the decrease of vehicles
on the road, close of industries, and night time cooking, and in the morning BC peaks are observed
due to vehicles on the roads, coal mining activities, cooking, and operation of small industries.Int. J. Environ. Res. Public Health 2018, 15, x  8 of 16 
 
 
Figure 4. Diurnal variation of black carbon (BC) concentration at fixed campaign site on 13 January 





Figure 5. (a) Night time BC profile with standard deviation (15 min average), observed at fixed campaign 
site for the days 13, 14 and 15 January 2013; (b) Same as (a), but for 25, 26 and 27 March 2013. 
Figure 4. Diurnal variation of black carbon (BC) concentration at fixed campaign site on 13 January
and 27 March 2013 (averaged for 15-min with standard deviation).
During pre-monsoon, BC concentration peak in the evening shifted towards the late evening
hours due to the shift of fall in temperature and the reduction in boundary layer height which is
associated with seasonal and meteorological condition at the site, but an elevated peak is observed on
26 March between 18:30 and 20:30 h, which may be associated with the burning of woods and biomass.
This may be attributed to the pre Holi burning (Holika) when the massive wood and carbonaceous
materials are burned in India for celebrating the Holi festival [40].
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3.1.3. BC and AOD Comparison
Since BC is also an aerosol and can affect the optical properties of the atmosphere, so to check any
association of BC with AOD, we have shown diurnal variation of BC and AOD for 13 January 2013
in Figure 6. Measurement for AOD at 500 nm was taken at 30 min interval. High AOD (>0.5)
was observed in the morning time and afterward gradually decreased and increased at the noontime
and then decreased, this could be due to diffusion process that is associated with the increasing
temperature as the day progresses. Similarly, the BC concentration was high in morning hours
and gradually decreased up to evening (with little increase in noon) and again started to increase
after sunset due to the decrease in temperature and boundary layer (BL) height, which restrict
the dispersion of the BC. The role of the BL dynamics in causing the observed diurnal variations
has been well-documented over Indian region [41,42]. The diurnal pattern is most pronounced during
winter season.
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3.1.4. MODIS and MICROTOPS AOD Comparison
We have compared AOD measured from MICROTOP with the MODIS Terra AOD
for 13–14 January. The evaluation of AOD from MICROTOPS is shown in Section 2.2.1. The average
ground-based AOD was 0.43 and for MODIS the average value was 0.47 over the Singrauli region
showing reasonably good match for the region.
3.2. First In-Situ Measurement of BC and AOD in TPPs Vicinity
Figure 7 shows the in-situ transit measurement of BC and AOD in close proximity of the TPPs.
The AOD (500 nm) variations from MICROTOPS along BC values are shown on 14 January
from 10:00 to 15:30 h. The low values of AOD from 10:00 to 11:30 h are from the fixed site location
~10 km away from the TPPs (green spot on Figure 2b). The AOD values after 11:30 to 15:30 are from
the in-situ transit measurement of AOD near the TPPs (yellow route in Figure 2b). Similar variation for
the BC is from 10:00 to 11:45 h at the fixed site and after 11.45 h transit measurements in the proximity
of the TPPs in a moving car. The high value of BC and AOD at 12:40, 13:20, 14:20, 14:40, and 15:15 h
are associated with the measurement near the Vindhya Nagar, Shakti Nagar, Bina, and Kakri coal
project and before Anpara power plants. The lowest values of AOD and BC at 13:30 are associated
with the forest region between the Shakti Nagar power plant and the Bina coal field mining area.
The BC concentration near the TPPs are observed to be much higher (>200 µgm−3) in comparison
with the places that are away from the sources. The peak BC concentrations reached as high
as 278 µgm−3 near the Anpara TPP. The effect of the emission was also seen in the AOD measurement
near (~1.0) and away (0.5) the TPPs. Higher AOD is found at the TPPs and surrounding area and low
values were observed far away in all of the wavelengths.
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the Bina an Kakri coal mining ar as. When we were approaching Anpara (Figure 2b), the BC
concentrations abrup ly enhanced up to 220–250 µgm−3 and rea hed maximum value 278 µgm−3 close
to he Anpara power pl t where the transpor ation of coal as carried out using op n trucks by the road
for the Anpara power plant (14:45 and 15:15 h). Wh n we reached he Anpar power plant the BC value
wa ~50 µgm−3. The low concent atio of BC was observed in the proximity of the Anpara power
plant, due to th height of the imneys (about 200 m) and the westerly wind, however hig AOD value
was observed in the proximity of power pl nt. The height of chimneys of the plants are round 200 m
so the plume of smoke i transported by air towards the places that are little away from the plant
(~3 km), depending upon th win s so low BC concentration was observed. The AOD observed from
MICROTOPS was very high (~1.0) since it measures the v rtical distribution of AOD at the power plants
and less around the plants due to the rap d diffusion of the plume. The present r sults cl arly show
that the coa -fired pow r plants are the main sources of high BC concentrations and high aerosol optical
depth, which is somehow ignored from the black carbon emission inventory in In ia. Similar high BC
concentration was also reported for c alfield and TPPs area of the Dhanbad region [4].
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3.3. Angstrom Exponent and Turbidity Coefficient Variation at the Fixed Site and in Transit Near the TPPs
Angstrom suggested an empirical formula for the attenuation of scattering and absorption
by aerosols. According to his formula, the AOD, τ (λ), is related to wavelength (λ in µm)
through Angstrom’s equation:
τ (λ) = βλ−α, (1)
where α and β are known as Angstrom exponent and Angstrom turbidity coefficient. The Angstrom
exponent, α, is related to the size distribution of the aerosol particles. Large values of α indicate
a relatively high ratio of small particles to large particles. It varies in the range of 0–4, approaching 4,
when the aerosol particles are very small (i.e., the order of air molecules) and zero for very large
particles. Mid-range values of α (α > 2) are typically observed for particles in the accumulation
mode [43] and lower values (near to 0) have been observed for Saharan and Thar dust episodes
and coarse mode particles [44,45].
The Angstrom turbidity coefficient (β) represents the amount of aerosols that are present
in the atmosphere in the vertical direction, and generally, its value varies from 0.0 to 0.5. The value of
β < 0.1 indicates a clean atmosphere, while β > 0.1 shows a turbid atmosphere. In fact, according to
Equation (1), β is the AOD at λ = 1 µm. Therefore, AOD and β usually have a similar variation.
After converting the Angstrom Equation (1) to a logarithmic format, it yields:
ln τ(λ) = ln β − αln λ. (2)
t i t t i t l f . t t t i t
t t t l t . , l t l t .
Angstrom exponent and turbidity co fficient are shown in Figure 8a (at fixed site)
and 8b (In-situ transit measurement after 11:30 h). The Angstr exponents were computed
while using the spectral AODs at all the five wavelengths (380, 440, 500, 675, 870 nm)
from MICROTOP. The mean wavelength exponent (α440–870 nm), obtained was around 0.85 ± 0.14
(Figure 8). The mean alpha for the fixed site and in transit measurement was, respectively,
Int. J. Environ. Res. Public Health 2018, 15, 2472 13 of 17
about 0.89 ± 0.10 and 0.78 ± 0.17. The alpha varies in the range 0.75 to 1.10 (Figure 8a), the highest
value of alpha in the morning hour and decreases around 11:00 and afterward increased up
to 0.90 at 13.00 h and again decreased till 16:30 h. On the next day, alpha varies from 1.10
in the morning to 0.75 around noon time. High values of alpha indicate the presence of fine mode
particles (Figure 8a). At different locations, along the road from Waidhan, alpha varies from 0.45 to 1.02
(Figure 8b), high alpha near power plants showing a dominance of fine particles from the plume of
power plants and the low values of alpha near the coal mining areas shows the presence of coarse
particles from the coal dust.
The mean turbidity parameter (β) represents the total aerosol loading in the atmosphere
found 0.28 ± 0.09 at our fixed site. The mean β values at the fixed site (Figure 8a) and along
the road in the vicinity of TPPs (Figure 8b), respectively, vary in the range 0.23 ± 0.02 and 0.34 ± 0.10.
High beta values near the power plants show high vertical loading of aerosols as compared to
other places. Low values of beta between Shakti Nagar and Bina coalfield areas show low vertical
loading due to a small patch of forests on both sides of the road (Figures 2b and 8b). A contrast
difference in beta values is observed at fixed campaign site (Waidhan) in the range 0.17–0.26
and within power plants area in the range 0.23–0.58. High peaks over the power plants, three peaks
corresponding to three TPPs (Figure 8b) show high vertical aerosol loading from these power plants.
The alpha and beta values are anti-correlated near the thermal power plants can be attributed to high
aerosol loading and relatively coarser particles due to mining activity and unpaved road dust.
3.4. Identification of Pollutants by CALIPSO Profile
The CALIPSO satellite overpass (space-time cross-sections of aerosol vertical feature mask (VFM))
available for 26 March 2013 (Pre Holi day) is shown in Figure 9. The area with the violet rectangle
represents the observation site at Singrauli and its surroundings. The vertical distribution of aerosols
from the CALIPSO satellite clearly shows a presence of dust, polluted dust, and elevated smoke
within Singrauli region, where a number of power plants emit smoke, soot particles, and coal dust
from the mining activities. The coal power plants can be identify as a different pollutant source
in comparing to the surface emission sources and the pollutants can penetrate deep in the atmosphere
due to the stake height of the power plants. Once these aerosols are reached up to the 4–5 km
in vertical height, they can stay there longer period. These different types of aerosols can interact with
the convection and cloud and can change the microphysics and their optical and radiative properties.
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4. Conclusions
This study presents BC concentrations and aerosol parameters from Singrauli, a site surrounded by
seven coal-fired power plants and coal mining areas located in the southern edge of IGP. OMI satellite
clearly shows the study areas as a hotspot region for the NO2 emission. The main findings are
summarized, as follows.
1. BC concentration shows a well-defined diurnal variation with two peaks, one in the morning
around 06:00–10:00 h and the other in the evening between 17:00 and 22:00 h. In addition, there is
a distinct decrease in the early morning hours. Reduction in PBL and wind speed is the causative
factors for the accumulation of aerosol particles in the lower layer. Moreover, early morning
hours may be characterized by high relative humidity conditions, and hence the accumulated
aerosol particles coagulate and become heavier, thereby resulting in a decrease in concentration.
The mean concentrations of BC during January and March months at the fixed location are about
23.36 and 7.3 µgm−3, respectively.
2. The BC concentration near the power plants was recorded much higher (>200 µgm−3)
compared to the observed concentrations at the fixed site (~10 km away from the power
plants). The average AOD at the fixed site was 0.43, which shows a reasonably close match with
the MODIS derived AOD (0.47). High AOD value of ~1.0 was observed in transit measurement
near the power plants for 500 nm wavelength at some places.
3. Alpha and Beta variation at the fixed site and in transit along the road shows the dominance of
fine particles and high loading of aerosols, while lower values of both the parameters show less
polluted and the presence of coarse particles near the forest areas.
4. The CALIPSO aerosol sub-types observation clearly shows a dominance of dust particles,
polluted dust and smoke vertically over the Singrauli region.
5. Depending on weather parameters in the winter months the pollutants diffusion is less and they
get suspended near to the surface and that enhances the BC concentration, while in pre-monsoon
month (March), the emitted pollutant disperse more in height and distance and thus a low
concentration of BC was observed.
6. Our preliminary results are limited to only a few days due to various constraints
(logistics issue), which clearly show high BC concentrations and high AOD in the Singrauli area.
Detailed measurements for a longer period are required to understand the day to day variability
of BC and AOD with meteorological parameters and to study the effect of burning of coal
in power plants on the BC concentrations and AOD. Long-term observations will be of great help
in the model estimation of BC and AOD from coal-fired power plant areas.
7. The measurements of BC (within the uncertainties limit) could be helpful in improving
the accurate emission inputs in climate models. High atmospheric pollution and poor air quality
are a threat to human health in the area.
Author Contributions: R.P.S., A.K.S. and S.K. created the original study plan. S.K. and R.P.S. designed
and executed the experiments, S.K. carried out analysis and wrote the original manuscript. A.K.S. and R.P.S.
reviewed and edited the final manuscript. Funding acquisition done by R.P.S. and A.K.S. All authors read
and approved the manuscript.
Acknowledgments: Sarvan Kumar is thankful to SERB for National PDF fellowship (File No: PDF/2015/000691),
New Delhi and is also grateful to the COSPAR (France) and ISRO (India) for providing financial support to
visit Chapman University, California (under COSPAR Capacity Building Fellowship Program) where the analysis
of BC and MICROTOPS data were carried out. SK is grateful to Chapman University (USA) for providing
necessary facilities during his short visit. AKS thanks ISRO, Bangalore for financial support under ISRO-SSPS
Program. SK is thankful to Sunny Kant for helping in making plots. The authors are thankful to NASA Giovanni
team for providing satellite data and ECMWF for the Met data. The authors thank Shashi Prabha Singh
and Tribhuwan Singh for providing logistics support. We are thankful to the Editor and four anonymous
reviewers for their valuable comments and suggestions that have helped us to improve the earlier version of
the manuscript.
Conflicts of Interest: The authors declare no conflicts of interest.
Int. J. Environ. Res. Public Health 2018, 15, 2472 15 of 17
References
1. Li, C.; Bosch, C.; Kang, S.; Andersson, A.; Chen, P.; Zhang, Q.; Cong, Z.; Chen, B.; Qin, D.; Gustafsson, Ö.
Sources of black carbon to the Himalayan-Tibetan Plateau glaciers. Nat. Commun. 2016, 7, 12574. [CrossRef]
[PubMed]
2. Park, S.S.; Son, S.-C. Relationship between carbonaceous components and aerosol light absorption during
winter at an urban site of Gwangju, Korea. Atmos. Res. 2017, 185, 73–83. [CrossRef]
3. Vaishya, A.; Singh, P.; Rastogi, S.; Babu, S.S. Aerosol black carbon quantification in the central Indo-Gangetic
Plain: Seasonal heterogeneity and source apportionment. Atmos. Res. 2017, 185, 13–21. [CrossRef]
4. Singh, S.; Tiwari, S.; Dumka, U.C.; Kumar, R.; Singh, P.K. Source region and sector contributions of
atmospheric soot particle in a coalfield region of Dhanbad, eastern part of India. Atmos. Res. 2017,
197, 415–424. [CrossRef]
5. Ramanathan, V.; Carmichael, G. Global and regional climate changes due to black carbon. Nat. Geosci. 2008,
1, 221–227. [CrossRef]
6. Bond, T.C.; Doherty, S.J.; Fahey, D.W.; Forster, P.M.; Berntsen, T.; DeAngelo, B.J.; Flanner, M.G.; Ghan, S.;
Kärcher, B.; Koch, D.; et al. Bounding the role of black carbon in the climate system: A scientific assessment.
J. Geophys. Res. Atmos. 2013, 118, 5380–5552. [CrossRef]
7. Hansen, J.; Sato, M.; Ruedy, R.; Lacis, A.; Oinas, V. Global warming in the twenty-first century: An alternative
scenario. Proc. Natl. Acad. Sci. USA 2000, 97, 9875–9880. [CrossRef] [PubMed]
8. Badarinath, K.V.S.; Kumar Kharol, S.; Rani Sharma, A. Long-range transport of aerosols from agriculture
crop residue burning in Indo-Gangetic Plains—A study using LIDAR, ground measurements and satellite
data. J. Atmos. Sol.-Terr. Phys. 2009, 71, 112–120. [CrossRef]
9. Kumar, K.R.; Narasimhulu, K.; Balakrishnaiah, G.; Reddy, B.S.K.; Gopal, K.R.; Reddy, R.R.; Satheesh, S.K.;
Moorthy, K.K.; Babu, S.S. Characterization of aerosol black carbon over a tropical semi-arid region of
Anantapur, India. Atmos. Res. 2011, 100, 12–27. [CrossRef]
10. Babu, S.S.; Moorthy, K.K. Anthropogenic impact on aerosol black carbon mass concentration at a tropical
coastal station: A case study. Curr. Sci. 2001, 81, 1208–1214.
11. Stull, R.B. An Introduction to Boundary Layer Meteorology; Kluwer Academic Publishers: Dordrecht,
The Netherlands, 1998.
12. Kalluri, R.O.R.; Gugamsetty, B.; Kotalo, R.G.; Nagireddy, S.K.R.; Tandule, C.R.; Thotli, L.R.; Shaik, N.H.;
Maraka, V.R.; Rajuru, R.R.; Surendran Nair, S.B. Seasonal variation of near surface black carbon and satellite
derived vertical distribution of aerosols over a semi-arid station in India. Atmos. Res. 2017, 184, 77–87.
[CrossRef]
13. Ramanathan, V.; Chung, C.; Kim, D.; Bettge, T.; Buja, L.; Kiehl, J.T.; Washington, W.M.; Fu, Q.; Sikka, D.R.;
Wild, M. Atmospheric brown clouds: Impacts on South Asian climate and hydrological cycle. Proc. Natl.
Acad. Sci. USA 2005, 102, 5326–5333. [CrossRef] [PubMed]
14. Li, Z.; Lau, W.K.-M.; Ramanathan, V.; Wu, G.; Ding, Y.; Manoj, M.G.; Liu, J.; Qian, Y.; Li, J.; Zhou, T.; et al.
Aerosol and monsoon climate interactions over Asia. Rev. Geophys. 2016, 54, 866–929. [CrossRef]
15. Safai, P.D.; Kewat, S.; Praveen, P.S.; Rao, P.S.P.; Momin, G.A.; Ali, K.; Devara, P.C.S. Seasonal variation
of black carbon aerosols over a tropical urban city of Pune, India. Atmos. Environ. 2007, 41, 2699–2709.
[CrossRef]
16. Rajeevan, K.; Sumesh, R.K.; Resmi, E.A.; Unnikrishnan, C.K. An observational study on the variation of
black carbon aerosol and source identification over a tropical station in south India. Atmos. Pollut. Res. 2018.
[CrossRef]
17. Menon, S.; Hansen, J.; Nazarenko, L.; Luo, Y. Climate effects of black carbon aerosols in China and India.
Science 2002, 297, 2250–2253. [CrossRef] [PubMed]
18. Prasad, A.K.; Singh, R.P.; Kafatos, M. Influence of coal based thermal power plants on aerosol optical
properties in the Indo-Gangetic basin. Geophys. Res. Lett. 2006, 33. [CrossRef]
19. Prasad, A.K.; Singh, R.P.; Kafatos, M. Influence of coal-based thermal power plants on the spatial-temporal
variability of tropospheric NO2 column over India. Environ. Monit. Assess. 2012, 184, 1891–1907. [CrossRef]
[PubMed]
20. Tariq, S.; Ali, M.; Mahmood, K.; Batool, S.A.; Rana, A.D. A study of tropospheric NO2 variability over
Pakistan using OMI data. Atmos. Pollut. Res. 2014, 5, 709–720.
Int. J. Environ. Res. Public Health 2018, 15, 2472 16 of 17
21. Tariq, S.; Ali, M. Tropospheric NO2 Trends over South Asia during the Last Decade (2004–2014) Using OMI
Data. Adv. Meteorol. 2015, 2015, 1–29.
22. Guttikunda, S.K.; Jawahar, P. Atmospheric emissions and pollution from the coal-fired thermal power plants
in India. Atmos. Environ. 2014, 92, 449–460. [CrossRef]
23. Kondo, A.; Shimadera, H.; Chinzaka, M. Impact on air quality by increase in air pollutant emissions from
thermal power plants. Int. J. Geomate 2017, 12, 50–56. [CrossRef]
24. Lu, Z.; Streets, D.G. Increase in NOx Emissions from Indian Thermal Power Plants during 1996–2010:
Unit-Based Inventories and Multisatellite Observations. Environ. Sci. Technol. 2012, 46, 7463–7470. [CrossRef]
[PubMed]
25. Prasad, A.K.; Singh, R.P. Comparison of MISR-MODIS aerosol optical depth over the Indo-Gangetic
basin during the winter and summer seasons (2000–2005). Remote Sens. Environ. 2007, 107, 109–119.
[CrossRef]
26. Kant, S.; Panda, J. Long-term study of aerosol—Cloud—Precipitation interaction over the eastern part of
India using satellite observations during pre-monsoon season. Theor. Appl. Climatol. 2018. [CrossRef]
27. Ferrero, L.; Mocnik, G.; Ferrini, B.S.; Perrone, M.G.; Sangiorgi, G.; Sangiorgi, G.; Bolzacchini, E.
Vertical profiles of aerosol absorption coefficient from micro-Aethalometer data and Mie calculation over
Milan. Sci. Total Environ. 2011, 409, 2824–2837. [CrossRef] [PubMed]
28. Chakrabarty, R.K.; Garro, M.A.; Wilcox, E.M.; Moosmüller, H. Strong radiative heating due to wintertime
black carbon aerosols in the Brahmaputra River Valley. Geophys. Res. Lett. 2012, 39. [CrossRef]
29. Praveen, P.S.; Ahmed, T.; Kar, A.; Rehman, I.H.; Ramanathan, V. Link between local scale BC emissions
in the Indo-Gangetic Plains and large scale atmospheric solar absorption. Atmos. Chem. Phys. 2012,
12, 1173–1187. [CrossRef]
30. Kanaya, Y.; Taketani, F.; Komazaki, Y.; Liu, X.; Kondo, Y.; Sahu, L.K.; Irie, H.; Takashima, H. Comparison of
black carbon mass concentrations observed by multi-angle absorption photometer (MAAP) and continuous
soot-monitoring system (COSMOS) on fukue Island and in Tokyo, Japan. Aerosol Sci. Technol. 2013, 47, 1–10.
[CrossRef]
31. Kaskaoutis, D.G.; Kumar, S.; Sharma, D.; Singh, R.P.; Kharol, S.K.; Sharma, M.; Singh, A.K.; Singh, S.;
Singh, A.; Singh, D. Effects of crop residue burning on aerosol properties, plume characteristics,
and long-range transport over northern India. J. Geophys. Res. Atmos. 2014, 119, 5424–5444. [CrossRef]
32. Levy, R.C.; Remer, L.A.; Kleidman, R.G.; Mattoo, S.; Ichoku, C.; Kahn, R.; Eck, T.F. Global evaluation of
the Collection 5 MODIS dark-target aerosol products over land. Atmos. Chem. Phys. 2010, 10, 10399–10420.
[CrossRef]
33. Irie, H.; Kanaya, Y.; Akimoto, H.; Tanimoto, H.; Wang, Z.; Gleason, J.F.; Bucsela, E.J. Validation of OMI
tropospheric NO2 column data using MAX-DOAS measurements deep inside the North China Plain
in June 2006: Mount Tai Experiment 2006. Atmos. Chem. Phys. 2008, 8, 6577–6586. [CrossRef]
34. Omar, A.H.; Winker, D.M.; Vaughan, M.A.; Hu, Y.; Trepte, C.R.; Ferrare, R.A.; Lee, K.-P.; Hostetler, C.A.;
Kittaka, C.; Rogers, R.R.; et al. The CALIPSO Automated Aerosol Classification and Lidar Ratio Selection
Algorithm. J. Atmos. Ocean. Technol. 2009, 26, 1994–2014. [CrossRef]
35. Rogers, R.R.; Hostetler, C.A.; Hair, J.W.; Ferrare, R.A.; Liu, Z.; Obland, M.D.; Harper, D.B.; Cook, A.L.;
Powell, K.A.; Vaughan, M.A.; et al. Assessment of the CALIPSO Lidar 532 nm attenuated backscatter
calibration using the NASA LaRC airborne High Spectral Resolution Lidar. Atmos. Chem. Phys. 2011,
11, 1295–1311. [CrossRef]
36. Singh, S.; Tiwari, S.; Gond, D.P.; Dumka, U.C.; Bisht, D.S.; Tiwari, S.; Pandithurai, G.; Sinha, A. Intra-seasonal
variability of black carbon aerosols over a coal field area at Dhanbad, India. Atmos. Res. 2015, 161–162, 25–35.
[CrossRef]
37. Ran, L.; Deng, Z.; Xu, X.; Yan, P.; Lin, W.; Wang, Y.; Tian, P.; Wang, P.; Pan, W.; Lu, D. Vertical profiles of black
carbon measured by a micro-aethalometer in summer in the North China Plain. Atmos. Chem. Phys. 2016,
16, 10441–10454. [CrossRef]
38. Tiwari, S.; Dumka, U.C.; Hopke, P.K.; Tunved, P.; Srivastava, A.K.; Bisht, D.S.; Chakrabarty, R.K.
Atmospheric heating due to black carbon aerosol during the summer monsoon period over Ballia: A rural
environment over Indo-Gangetic Plain. Atmos. Res. 2016, 178–179, 393–400. [CrossRef]
Int. J. Environ. Res. Public Health 2018, 15, 2472 17 of 17
39. Wang, M.; Xu, B.; Wang, N.; Cao, J.; Tie, X.; Wang, H.; Zhu, C.; Yang, W. Two distinct patterns of seasonal
variation of airborne black carbon over Tibetan Plateau. Sci. Total Environ. 2016, 573, 1041–1052. [CrossRef]
[PubMed]
40. Simha, C.P.; Devara, P.C.S.; Saha, S.K. Aerosol pollution and its impact on regional climate during Holi
festival inferred from ground-based and satellite remote sensing observations. Nat. Hazards 2013, 69, 889–903.
[CrossRef]
41. Moorthy, K.K.; Babu, S.S. Aerosol black carbon over Bay of Bengal observed from an island location,
Port Blair: Temporal features and long-range transport. J. Geophys. Res. Atmos. 2006, 111. [CrossRef]
42. Beegum, S.N.; Moorthy, K.K.; Babu, S.S.; Satheesh, S.K.; Vinoj, V.; Badarinath, K.V.S.; Safai, P.D.; Devara, P.C.S.;
Singh, S.; Vinod; et al. Spatial distribution of aerosol black carbon over India during pre-monsoon season.
Atmos. Environ. 2009, 43, 1071–1078. [CrossRef]
43. Nakajima, T.; Higurashi, A. A use of two-channel radiances for an aerosol characterization from space.
Geophys. Res. Lett. 1998, 25, 3815–3818. [CrossRef]
44. Eck, T.F.; Holben, B.N.; Reid, J.S.; Dubovik, O.; Smirnov, A.; O’Neill, N.T.; Slutsker, I.; Kinne, S. Wavelength
dependence of the optical depth of biomass burning, urban, and desert dust aerosols. J. Geophys. Res. Atmos.
1999, 104, 31333–31349. [CrossRef]
45. Kumar, S.; Kumar, S.; Kaskaoutis, D.G.; Singh, R.P.; Singh, R.K.; Mishra, A.K.; Srivastava, M.K.; Singh, A.K.
Meteorological, atmospheric and climatic perturbations during major dust storms over Indo-Gangetic Basin.
Aeolian Res. 2015, 17, 15–31. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
